This paper investigates the effect of material type, material thickness, laser wavelength, and laser power on the efficiency of the cutting process for industrial state-of-the-art cutting machines. The cutting efficiency is defined in its most basic terms: as the area of cut edge created per Joule of laser energy. This fundamental measure is useful in producing a direct comparison between the efficiency of fiber and CO 2 lasers when cutting any material. It is well known that the efficiency of the laser cutting process generally reduces as the material thickness increases, because conductive losses from the cut zone are higher at the lower speeds associated with thicker section material. However, there is an efficiency dip at the thinnest sections. This paper explains this dip in terms of a change in laser-material interaction at high cutting speeds. Fiber lasers have a higher cutting efficiency at thin sections than their CO 2 counterparts, but the efficiency of fiber laser cutting falls faster than that of CO 2 lasers as the material thickness increases. This is the result of a number of factors including changes in cut zone absorptivity and kerf width. This paper presents phenomenological explanations for the relative cutting efficiencies of fiber lasers and CO 2 lasers and the mechanisms affecting these efficiencies for stainless steels (cut with nitrogen) and mild steel (cut with oxygen or nitrogen) over a range of thicknesses. The paper involves a discussion of both theoretical and practical engineering issues.
Introduction
Laser cutting is a multibillion euro industry, which is dominated by CO 2 and fiber laser cutting machines.
Early research into the efficiency of the process dates back to the early 1980s [1] and has subsequently been investigated by numerous researchers. For example, Yilbas and Kar have looked at the thermal efficiency of CO 2 laser cutting in oxygen [2, 3] . Niziev and Nesterov [4] have considered cutting efficiency as ratio of energy required for melting, as a function of energy input, and Wandera and Kujanpaa [5] have investigated melt removal rates. These authors and many others have discussed the laser cutting process in terms of melting efficiency. However, the thermal, or melting, efficiency can be a misleading metric because it generally relies on the following relationship:
Thermal or melting efficiency is proportional to
where K av is the average kerf width (mm), v is the cut speed (mm/s), t is the material thickness (mm), and P laser is the average laser power (kW). It can be seen from Eq. (1) that the melting efficiency is proportional to the kerf width as well as the cutting speed. This being the case, the melting efficiency of a particular laser would be unaffected by a 10% reduction in cutting speed as long as the kerf width was increased by 10%. However, it is clear that a 10% decrease in cutting speed means that there has been a 10% reduction in cutting efficiency. From this, it is clear that the melting efficiency is not a good measure of cutting efficiency. Melting efficiency can, however, be used to give insights into the laser-material interaction in the cut zone and will be discussed later in this paper.
Early workers in the field [1] have described the efficiency of the cutting process in terms of severance energy expressed on the basis of the number of Joules of energy required to generate 1 mm 2 of cut edge. Recent work has also followed this method of expressing the effectiveness of laser cutting [6] [7] [8] , but it is more logical to discuss cutting efficiency rather than severance energy. From an industrial as well as a technical point of view, the cutting process efficiency should be expressed in terms of the amount of cut edge created as a function of laser energy. This paper investigates the efficiency of the cutting process when cutting stainless and mild steels with different lasers from the point of view of one question: "How much cut edge is produced for each kilojoule of laser energy?"
This measure of efficiency can be described by the following simple equation:
where a is the cutting efficiency (mm 2 /kJ), v is the cutting speed (mm/s), t is the material thickness (mm), and P laser is the average laser power (kW).
So, for example, if we cut 3 mm stainless steel at 95 mm/s with a laser power of 5 kW, we are producing (3 Â 95)/5 ¼ 57 mm 2 of cut edge per kilojoule of laser energy. (Although the laser cutting process produces two cut edges (one on each side of the beam), only one of these is part of the finished product-and so we only consider one cut edge.)
The main thrust of this work is to analyze the variation of the efficiency of the laser cutting process in an industrial setting. As we will see, the cutting efficiency changes with laser type, material type, laser power, and material thickness. The paper is primarily concerned with trends in cutting efficiency as a function of these variables and the underlying reasons for them.
Experimental Work
A wide range of cuts were made on the following new, state-ofthe-art, CO 2 and fiber laser cutting machines manufactured by Bystronic Laser AG, Nieder€ onz, Switzerland: -ByLaser 6000 (CO 2 In total, 78 cut samples were produced, and in order to give results which are an accurate reflection on the laser cutting industry, all samples were cut using the standard commercial cut parameters provided by the machine supplier. This needs to be taken into account when considering these results because the process parameters used are those which satisfy the commercial quality and reliability requirements, not simply maximum cut speeds. Industrial cutting speeds generally follow the same trends as maximum cutting speeds for a given machine because industry requires high productivity, which is directly proportional to cutting speed. As a rule of thumb, industrial cutting speeds are usually of the order of 85% of the maximum cutting speed for any laser-material combination. Speeds of this level ensure a robust process which can accommodate fluctuations in material thickness, surface quality, and laser power. Industrial cutting speeds, kerf widths, and cutting efficiency values are, of course, commercially sensitive data. For this reason, the following text presents normalized relative values of these parameters (the maximum normalized value is in Fig. 3 for a thickness of 3 mm). However, this does not affect any of the main points of interest raised in the following discussion, which explains the trends in cutting efficiency and the fundamental differences in efficiency between industrial fiber and CO 2 laser cutting machines.
Results and Discussion
All the results presented in the figures are normalized to the related maximum value of all samples. Thus, Fig. 1 presents the relative cutting efficiency results for stainless steel for CO 2 lasers with powers of 4.4 and 6.0 kW together with those for fiber lasers with powers of 2.0 and 4.0 kW.
A number of conclusions can be drawn from these results. Some of these conclusions can be briefly explained at this point. Others will simply be stated here and discussed later in the paper:
As material thickness increases the cutting efficiency decreases. Several effects may contribute to this trend. For all thermal cutting processes, an increase in material thickness results in a decrease in cutting speed. A decrease in cutting speed increases the laser-material interaction time in any one area along the cut line and this allows a greater proportion of the heat to be carried away by conduction [9] . This increase in conductive losses per unit length of cut results in a decrease in process efficiency. Other possible reasons for the decrease in efficiency with thickness are reduced absorptivity and the creation of wider kerfs. (Cuts which have wider kerfs require more energy because a greater volume of melt is created per square millimeter of cut edge produced.) At thinner sections, the fiber lasers are more efficient than CO 2 machines. There are two main reasons for this: (a) Fiber lasers can be focused down to a smaller focused spot size than CO 2 machines. This gives narrower kerfs at thin section and higher speeds because less material needs to be melted. (b) The geometry of the cut zone for thin section material enhances the absorptivity of fiber laser beams (see later discussion relating to Fig 8.) . As material thickness increases, the efficiency of the fiber lasers falls off more rapidly than that of the CO 2 lasers. At thicker sections, the CO 2 lasers are more efficient than the fiber lasers. In the thin section regime, the higher power lasers of both wavelengths tend to have slightly lower efficiencies than the lower power machines. Higher vaporization losses at higher speeds (see discussion in Fig. 2 ) as well as practical, speed limiting considerations of industrial systems are potential explanations. The lower power fiber laser cutting efficiency falls off faster than the higher powered machine as the material thickness increases. figure-the fiber laser is more efficient at thin section but the efficiency falls off rapidly as the material thickness increases. However, the efficiency at 1 mm thickness is lower than that at 2 mm for both lasers. (This trend is also visible in some of the results for stainless steel-see Fig. 1 .) This might be explained by increased boiling at the thinnest sections. The temperature of the cut zone rises as the cutting speeds increase, because higher cutting speeds require faster energy transfer across the melt/solid interface in the cut zone. The faster energy transfer requires the outer surface of the melt to become hotter. Cutting speeds, and therefore the cut front temperatures, are highest at the thinnest section. At these elevated temperatures, a proportion of the laser energy is consumed in boiling some of the liquid in the cut zone. As far as laser cutting is concerned, boiling is a far less energy efficient material removal mechanism than melting and so the overall process efficiency is reduced. On the other hand, we know from earlier experiments and simulations [10] that even higher speeds are possible in thin sections. Figure 3 shows the results for laser cutting mild steel with oxygen as the assist gas. In this case, the difference between the fiber and CO 2 laser performance is very much reduced compared to Figs. 1 and 2. The reason for this similarity in performance is twofold:
(1) During laser-oxygen cutting, the cut front is coated with a layer of liquid FeO. This material has a high absorptivity to both CO 2 and fiber laser light [11, 12] . (2) For both types of laser, the oxidation reaction contributes a considerable proportion of the energy to the process and this helps to even out the differences between the laser-material interactions.
As was the case for cutting with nitrogen, we can see a fall off in cutting efficiency at the lowest thickness. The reason for this would be unusually high temperatures in the cut zone. However, in this case, the mechanism which results in a reduction in efficiency is not boiling. The high temperature of the oxidizing cut zone reduces the effectiveness of the oxidation reaction [13] and thus diminishes the amount of energy provided by the reaction. This reduction in energy supplied to the cut zone results in a reduced cutting efficiency.
To investigate cutting efficiency in detail, we need to consider the volume of melt ejected from the cut zone per second for each laser, as a function of material thickness. This value-the cutting volume efficiency-can be calculated using the following equation:
Note that a vol is analogous to a thermal efficiency or melting efficiency and favors wide kerfs. Although it follows many of the trends of cutting efficiency, it is a less reliable measure. However, a vol can provide some insights into how much melt is involved in the laser-material interaction. Average kerf widths for all the samples involved in the trials are presented in Fig. 4 . Although there are some local fluctuations, Fig. 4 reveals two major trends:
In industrial laser cutting, kerf widths tend to increase with material thickness. Cutting with oxygen tends to give larger kerf widths.
The increase in kerf width with material thickness observed in Fig. 4 is a general trend of laser cutting for two reasons:
(1) Laser beams used for cutting are generally circular in cross section with a diminishing energy density toward their outer edges. At the reduced speeds associated with thicker sections, the laser-material interaction time in any one area is increased. At these increased interaction times, the low energy density edges of the beam can supply enough energy to melt the workpiece and thus widen the kerf. In other words, the effective diameter of the laser beam increases with increasing interaction time. (2) In laser cutting, the laser beam is deliberately defocused when cutting thicker section material. This is to optimize the gas flow through the cut zone in order to provide enough mechanical thrust to expel the melt from the bottom of the cut. This defocusing of the beam widens the cut zone to allow more gas to flow through it. Defocusing is also Fig. 4 Relative average kerf width measurements for samples cut by (a) fiber laser and (b) CO 2 laser Fig. 3 Relative cutting efficiency results for mild steel cut with oxygen assist gas. (Note: the 3 mm sample cut with the 2 kW fiber laser and oxygen assist gas had the highest efficiency of the whole experimental set and is thus normalized to a value of 1.) used to improve the laser-cut front geometry from an absorptivity point of view-See discussion of Fig. 8 later in this paper.
The extra widening of the cut when oxygen is employed is due to the fact that the oxidation reaction between iron and oxygen generates additional heat [13] . The oxidation reaction can spread sideways because the oxidation initiation temperature of steel is lower than its melting temperature. Therefore, the lower intensity edges of the laser beam can contribute to combustion ignition, resulting not only in more heat but also in a significantly wider heat source. This increases the amount of material melted during the laser-oxygen-material interaction and creates wider kerf widths.
So far, we have seen that the increase in average kerf width with thickness plays a significant role in the reduction of cutting efficiency. Using the average kerf widths given in Fig. 4 , the cutting volume efficiencies in each case can now be calculated-as shown in Figs. 5 and 6.
In Fig. 5 , it can be clearly seen that for CO 2 laser cutting, the amount of melt ejected from the cut zone per kilojoule remains fairly static over the range of thicknesses involved. In contrast, the fiber laser results (Figs. 5 and 6) with nitrogen as cutting gas reveal much higher cutting volume efficiencies in the thin section range decreasing continuously with thickness. At the highest thicknesses of the fiber laser operation range, the efficiencies decline down to the CO 2 laser values.
Several effects are dependent on sheet thickness and contribute to the behavior described above, such as the losses due to vaporization (which are dominant at low thicknesses) and due to lateral heat conduction (which is dominant at high thicknesses). Both affect the achievable cutting speed, which together with the kerf width (see Fig. 4 ) is a determining factor for the cutting volume efficiency.
However, the change of absorptivity with thickness is also important and will be discussed here.
Standard laser cutting involves the laser interacting with the cut front at a glancing angle as shown in Fig. 7 [14] .
For the sake of this basic explanation, we assume a columnar CO 2 laser beam with a diameter of approximately 200 lm. Figure 8(a) shows that the cut front must be angled at approximately 11 deg in order to fully interact with this laser beam at 1 mm thickness of the sheet to be cut.
From a beam absorptivity point of view, this angle is considerably larger than the glancing angle of 3 deg, which corresponds to the Brewster angle for 10.6 lm wavelength light and steel. (At a glancing angle of 3 deg, the absorptivity is at its maximum of more than 40% whereas the absorptivity at a glancing angle of 11 deg is below 30% as can be seen in Fig. 9) .
A reduction of the glancing angle for 1 mm thick material would result in higher absorptivity of the cut front, but most of the laser beam would bypass the cut front without interacting with it-as shown in Fig. 8(b) . As the increase in absorptivity would not be sufficient to compensate for the decrease in incident laser radiation, less energy would be absorbed by the cut front and the cutting speed would be reduced.
Continuing the same simple geometric argument for CO 2 lasers, it is clear that-assuming a beam of 200 lm in diameter-the combination of maximum absorptivity cut front angle (3 deg) and full illumination of the cut front by the laser beam can only be achieved at material thicknesses of about 4 mm.
For CO 2 laser cutting, as the thickness increases from 1 mm, the angle of incidence of the laser beam approaches the Brewster angle and absorptivity increases. However, the cutting speed decreases at the same time because the material thickness is increasing. As the cutting speed decreases, the thermal loss by conduction away from the cut zone increases and this reduces the thermal efficiency of the melting process. Thus, opposing influences can balance out the amount of melt per kilojoule and only a small variation in this value occurs in Figs. 5 and 6 for the CO 2 laser cases.
The higher power CO 2 laser results shown in Fig. 5 indicate a higher level of melt per kilojoule because at the higher speeds associated with higher power, the conductive thermal losses are reduced. This makes the laser melting process more efficient. On the other hand, the higher speeds at higher power and thin sections promote vaporization losses and decrease the overall efficiency.
The fiber laser curves in Figs. 5 and 6 differ from the CO 2 laser results, in which they show a general decrease of melting efficiency (mm 3 /kJ) with the increase in material thickness. A reason for this lies in the absorptivity curves of Fig. 9 . The highest absorptivity for the 1 lm wavelength fiber laser beam is achieved at cut front inclination angles above 10 deg. As we have seen, this range is highly suitable to thin section cutting. This is one of the main reasons why fiber laser machines cut thin section material faster than their CO 2 counterparts.
However, as the thickness increases, the fiber laser beam cannot directly interact with the lower part of the cut front at commercially acceptable speeds, because the higher glancing angle is required for a high absorptance of 1 lm wavelength; therefore, the entire beam is directly impingent only on the upper few millimeters of the cut front. For fiber lasers, the main laser-material interaction, especially in the lower section of the cut zone, is one of the multiple reflections. Figure 10 [15] explains a number of features of multiple reflections in fiber laser cutting.
In a typical, converging, laser cutting zone, the first glancing angle of laser-material interaction (after the curved kerf entrance-not considered here) is small, but the beam intensity is high. At each subsequent reflection, the glancing angle increases-and in the case of 1 lm light, this leads to an increase in absorptivity (see Fig. 9 ). If we take a simplified view of this, we could find that: -The first reflection might involve a local absorption of 20% of the total beam intensity. -The second reflection could involve 30% of the remaining 80% of the beam intensity. -The third reflection might involve absorption of 40% of the remaining 56% of the beam.
The accumulated absorption for these three reflection events would be 77.6% of the incoming ray. (Obviously, only part of the laser radiation is involved in such a high coupling interaction.) It is also worth noting that the reflection events tend to group together further down the cut zone (see Fig. 10 )-which would lead to hot spots. Any hot spots would, however, be mobile because small changes in the cut front geometry in the upper section result in changes in the position of subsequent reflections (see Fig. 10 ). These features of multiple reflections are the root cause of the higher surface roughness seen on fiber laser cut thick sections compared to CO 2 laser cut results. These instabilities involved restrict the achievable cutting speeds at thick sections.
In the case of CO 2 laser cutting at thicker sections, multiple reflections play a much smaller part in the process than they do for fiber lasers for two reasons: (a) the Brewster angle for CO 2 laser light matches the inclination of the cut front while at the same time exposing the whole front to the beam-so primary absorption of the incident beam is dominant. (b) The multiple reflection geometry shown in Fig. 10 would mean that a progressively smaller proportion of the beam would be absorbed at each reflection because in the case of 10 lm wavelength light, the absorptivity falls off rapidly with increases in glancing angle (see Fig. 9 ). As material thickness increases laser cutting efficiency decreases. At thinner sections, fiber lasers cut more efficiently than CO 2 lasers. This situation is reversed at thicker sections. At the thinnest sections, when cutting with nitrogen, the cutting efficiency may be reduced by (energetically wasteful) boiling of the melt. At the thinnest sections, when cutting with oxygen, the cutting efficiency may be reduced by the presence of temperatures which reduce the effectiveness of the oxidation reaction. When oxygen is used as the cutting gas, the differences in cutting efficiency between CO 2 and fiber lasers are reduced. Kerf widths tend to increase as the material thickness is increased. This is primarily for two reasons: (a) for thicker sections, the beam is often focused deep into the material (and therefore presents a larger diameter beam at the kerf entrance) and (b) at the lower speeds associated with thicker sections, the lower intensity edges of the beam can contribute to the melting process. The use of oxygen as the cutting gas also increases kerf widths. This is because the laser beam only needs to heat up the material on each side of the kerf to the oxidation initiation temperature-which is lower than the material melting point. Therefore, the effective heat source of laser and combustion is wider than that of direct laser melting. The efficiency of the cutting process has to be distinguished from the cutting volume efficiency (the amount of material ejected from the cut zone per kilojoule of laser power), as the latter value directly profits from wider kerfs. In the case of CO 2 lasers, the cutting volume efficiency remains rather steady over the thickness range. This relative invariance is possible because there is a balance between two opposing effects: (a) as the thicknesses increase, the cut front approaches the Brewster angle and absorptivity is improved up to a certain thickness (increasing the energy available for material melting); (b) as the thicknesses increase, the conduction of energy away from the cut zone increases (reducing the energy available for melting). In the case of fiber lasers, the cutting volume efficiency decreases as material thicknesses increase. This is because the Brewster angle for fiber lasers favors thin section cutting (i.e., glancing angles above 10 deg). If the material thickness is increased, the absorptivity of the beam in its initial contact with the material decreases and direct beam impingement and absorption can only feed the upper part of the cutting front. This leads to the dominance of multiple reflections especially further down the kerf with stepwise increasing glancing angle-increasing absorption and the effective contribution of the reflected 1 lm radiation. The strong role played by multiple reflections in the case of fiber lasers (particularly at thick section) facilitates cutting efficiency, but on the other hand can promote instabilities and limit cut quality.
